Abstract The schweinfurthins, a family of natural products derived from the isoprenoid biosynthetic pathway (IBP), have marked growth inhibitory activity. However, the biochemical basis for the schweinfurthins cellular effects has remained ill-defined. Here, the effects of the synthetic schweinfurthin, 3-deoxyschweinfurthin (3dSB) on multiple aspects of isoprenoid homeostasis are explored. Cytotoxicity assays demonstrate a synergistic interaction between 3dSB and the HMG-CoA reductase inhibitor lovastatin but not with other IBP inhibitors in a variety of human cancer cell lines. The cytotoxic effects of 3dSB were enhanced in cells incubated in lipid-depleted serum. 3dSB was found to enhance the lovastatin-induced decrease in protein prenylation. In addition, 3dSB decreases intracellular farnesyl pyrophosphate and geranylgeranyl pyrophosphate levels in both established cell lines and primary cells. To determine whether 3dSB alters the regulation of expression of genes involved in isoprenoid homeostasis, real-time PCR studies were performed in human cell lines cultured in either lipid-replete or -deplete
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conditions. These studies demonstrate that 3dSB abrogates lovastatin-induced upregulation of sterol regulatory element-containing genes and lovastatin-induced downregulation of ABCA1. In aggregate, these studies are the first to demonstrate that a schweinfurthin exerts pleiotropic effects on isoprenoid homeostasis. 
Introduction
Schweinfurthins are a family of natural compounds that were originally isolated from the leaves of the flowering tree Macaranga schweinfurthii in Western Cameroon [1] . The extracts from these leaves were noted to have potent growth inhibitory activity in the NCI 60-cell line cancer screen and subsequent isolation of the active components identified schweinfurthins A and B with mean GI 50 's of 0.36 and 0.81 lM, respectively [1] . Extensive structurefunction analysis has provided insight into the key structural features which are necessary to retain schweinfurthinlike activity [2] [3] [4] [5] [6] [7] , but the mechanism of action has yet to be determined. Given the difficulty in isolating sufficient quantities of these compounds to allow for further biological exploration, a number of analogues have been prepared, including 3-deoxyschweinfurthin B (3dSB) ( Fig. 1 ), which has a mean GI 50 of 0.74 lM and has been shown to retain schweinfurthin-like activity [8] .
The schweinfurthin family shares the common structural feature of having one or more prenyl side chains. The prenyl groups are derived from the isoprenoid biosynthetic pathway (IBP) which is responsible for the synthesis of all sterol and non-sterol isoprenoids (Fig. 1) . In addition to the products displayed in Fig. 1 , this pathway also leads to the synthesis of other biologically important molecules such as the ubiquinones, dolichols, and retinoids [9] . There is an extraordinary degree of complexity with regards to regulation of the IBP and sterol homeostasis [10] . The expression of the majority of the enzymes in the IBP are regulated through sterol regulatory element-binding protein (SREBP) transcription factors [11, 12] . In conditions of sterol depletion, SREBPs upregulate the expression of genes with SRE-containing promoters, leading to increased de novo synthesis of sterols and nonsterols as well as increased cellular uptake of sterols via the LDL receptor. Conversely, in conditions of sterol excess, SREBPs are sequestered in the endoplasmic reticulum (ER) via Insigs and there is upregulation of sterol efflux proteins such as ATP-binding cassette transporter 1 (ABCA1) via liver X receptor (LXR)-mediated regulation [13] [14] [15] .
Sterols (including oxysterols, cholesterol, and lanosterol), nonsterols [e.g., farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP)], and miRNA (MiR-33) have all been shown to be important regulators of isoprenoid homeostasis [16] [17] [18] [19] [20] [21] . Furthermore, a multitude of natural products derived from the IBP have been demonstrated to affect IBP regulation and sterol homeostasis through a variety of mechanisms, including the diterpenes cafestol, Daphnetoxin and Gniditrin [22, 23] , monoterpenes [24, 25] , tocotrienols [26] , and triterpenoids [27] [28] [29] , further highlighting the extraordinarily complex relationship between the IBP and its products. Finally, select inhibitors of the IBP also alter regulation of the IBP and affect the expression of derivatives of the IBP [30] [31] [32] [33] [34] [35] . Thus, given the extent to which IBP products and inhibitors can influence IBP regulation, we were interested in exploring the potential interaction between schweinfurthins and IBP inhibitors, determining the effects of schweinfurthins on isoprenoid homeostasis, and providing insight into the basis for schweinfurthins' biological activity. Here we demonstrate that the synthetic schweinfurthin 3dSB enhances inhibition of protein prenylation and induction of cytotoxicity in the setting of mevalonate depletion and reveal that 3dSB disrupts regulation of isoprenoid homeostasis.
Materials and Methods

Reagents
Lovastatin (converted to the dihydroxy-open acid form prior to use), DL-mevalonic acid lactone (converted to mevalonate prior to use), FPP, GGPP, and zaragozic acid were obtained from Sigma (St. Louis, MO). Zoledronic acid was purchased from Novartis (East Hanover, NJ). Digeranyl bisphosphonate (DGBP) [36] and 3-deoxyschweinfurthin [5] were kindly supplied by Professor David Wiemer, Department of Chemistry, University of Iowa. 3dSB was dissolved in DMSO. Anti-pan-Ras was obtained from InterBiotechnology (Tokyo, Japan). Anti-btubulin, anti-Rap1a, anti-Rab6, and anti-goat IgG HRP antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-mouse and anti-rabbit HRP-linked antibodies were obtained from Amersham (GE Healthcare, Piscataway, NJ). D*-GCVLS and D*-GCVLL (dansyllabeled peptides) were obtained from Bio-Synthesis (Lewisville, TX). Rat recombinant FTase and GGTase I were purchased from Jena Biosciences (Jena, Germany). HPLC-grade water was prepared with a Milli-Q system (Millipore, Bedford, MA). All solvents were optima or HPLC grade. Lipoprotein deficient serum was obtained from Hyclone (Thermo Scientific, Logan, UT).
Cell Cultures
Human multiple myeloma (RPMI-8226 and U266) and human glioblastoma multiforme (SF-295) cell lines were purchased from American Type Culture Collection (Manassas, VA). A549 cells, a human non-small cell lung cancer cell line, were obtained from the NCI (Frederick, MD). Cells were grown in RPMI-1640 media with 10% (RPMI-8226, SF-295) or 15% (U266) heat-inactivated fetal calf serum supplemented with glutamine and penicillinstreptomycin at 37°C and 5% CO 2 . A549 cells were maintained in F-12 media supplemented with 10% fetal calf serum, glutamine, and penicillin-streptomycin. For the studies involving primary cells, after informed consent, peripheral blood samples were obtained from patients with acute leukemia. The protocol (IRB ID # 200610770) was approved by our Institutional Review Board for human subjects. Mononuclear cells were isolated from peripheral blood of patients with newly diagnosed acute leukemia and incubated ex vivo with 3dSB or lovastatin for 24 h. Formal pathological review of the bone marrow samples as well as cytogenetic analysis was performed by UIHC Hematopathology.
MTT Assay
For the suspension cell lines (RPMI-8226 and U266), cells were seeded (5 9 10 4 /150 lL per well) in 96-well flatbottom plates and incubated for 48 h at 37°C and 5% CO 2 in the presence or absence of compounds. For the adherent cell lines (SF-295 and A549), cells were plated in 24-well plates, allowed to reach 65% confluency, and then incubated in the presence or absence of compounds for 48 h. MTT assays were performed as previously described [3, 43] . The absorbance for control untreated cells was defined as an MTT activity of 100%. DMSO treatment did not alter MTT activity by more than 5%.
Western Blot Analysis
Cells (5 9 10 6 /5 mL) were incubated in the presence or absence of drugs. At the conclusion of the incubations, cells were collected, washed with PBS, and lysed in RIPA buffer (0.15 M NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton (v/v) X-100, 0.05 M Tris-HCl) containing protease and phosphatase inhibitors. Protein content was determined using the bicinchoninic acid method (Pierce Chemical, Rockford, IL). Equivalent amounts of cell lysate were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membrane, probed with the appropriate primary antibodies, and detected using HRP-linked secondary antibodies and Amersham Pharmacia Biotech ECL Western blotting reagents per manufacturer's protocols.
Intracellular FPP and GGPP Measurements
Intracellular FPP and GGPP levels were measured using the previously reported reversed phase HPLC methodology [38] . Briefly, following incubation with drugs, cells were collected and counted using a hemocytometer. Isoprenoid pyrophosphates were extracted from cell pellets with extraction solvent (butanol/75 mM ammonium hydroxide/ ethanol 1:1.25:2.75). Following drying down by nitrogen gas, the FPP and GGPP in the residue were incorporated into fluorescent GCVLS or GCVLL peptides by farnesyltransferase or geranylgeranyl transferase I, respectively. The prenylated fluorescent peptides were separated and quantified by reversed phase HPLC with fluorescence detection.
HMGR Activity Assay
The HMG-CoA reductase assay kit was purchased from Sigma (St. Louis, MO) and the assay was performed according to manufacturer's specifications. This assay detects the oxidation of NADPH by HMGR in the presence of HMG-CoA. The decrease in absorbance at 340 nm over time was measured using a Molecular Devices SpectraMax M2e microplate reader. Measurements were taken every 25 s. Pravastatin, which was included in the kit, was used as the positive control. The reaction mixture was incubated in the presence or absence of varying concentrations of 3dSB.
Real-Time PCR RPMI-8226 or U266 cells were grown in the presence or absence of drugs in media containing either standard FCS or 10% LPDS for 24 h. Each condition was performed in triplicate. RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA) and a BioRad (Hercules, CA) cDNA synthesis kit was used to prepare cDNA. Primers for HMGR, FDPS, SS, GGDPS, SREBP-2, Insig-1, LXRa, ABCA1 and b-actin (Supplementary Table 1) were designed using PrimerQuest. Real-time PCR was performed on an Applied Biosystems Model 7900HT using an Applied Biosystems (Carlsbad, CA) reaction kit with SYBR green. Data were analyzed using ABI SDS 2.3 software and normalized to bactin RNA. Quantities were determined using the relative standard curve method. Each sample was run in triplicate.
Statistical Analysis
Two-tailed t testing was used to calculate statistical significance for the studies involving measurement of FPP and GGPP levels. An a of 0.05 was set as the level of significance. Isobologram analysis was used to evaluate the data from the MTT assays via CalcuSyn software (Biosoft). The software analyzes drug interactions based on the method of Chou and Talalay [26] . Combination indices (CI) \0.8 were deemed synergistic, CI [1.2 antagonistic, and CI [0.8 but less than 1.2 were deemed additive. ANOVA was used to compare changes in gene expression level following treatment with two drugs (lovastatin alone, 3dSB alone, and the two in combination) under four sets of conditions (two cell lines, two media conditions). The gene expression levels were compared separately for each of the four conditions. Expression levels were log-transformed to satisfy the ANOVA assumptions of normality and equal variances. Differences in expression levels were evaluated with the two-sided pair-wise comparisons of the treatment groups. The False Discovery Rate approach using q values was applied to adjust for multiple comparisons [39, 40] (Supplementary Table 2 ). Pair-wise comparisons for which the q values were less than 0.05 were declared to be statistically significant. This criterion ensures that the expected proportion of incorrectly rejected pair-wise comparisons is no greater than 5%. SAS version 9.2 and R 2.11.1 were used for the analysis.
Results
The Combination of 3dSB and Lovastatin Induces Synergistic Cytotoxic Effects in Human Malignant Cell Lines
The cytotoxic effects of 3dSB, both alone and in combination with the HMGR inhibitor lovastatin, in MTT assays were assessed in two human multiple myeloma cell lines (RPMI-8226 and U266), a human glioblastoma multiforme cell line (SF-295) and a human non-small cell lung cancer cell line (A549) (Fig. 2a) . The RPMI-8226 and SF-295 cells have been previously noted to be particularly sensitive to schweinfurthins with mean GI 50 's for schweinfurthin B of 15 and 24 nM, respectively [1] . The A549 cells, on the other hand, represent a relatively more resistant cell line, with a mean GI 50 of 0.34 lM [1] . The U266 cell line was not part of the NCI 60-cell line panel, but was chosen for these studies based on our prior work which demonstrated resistance to select IBP inhibitors as a consequence of markedly elevated basal isoprenoid levels [41] . Consistent with the NCI findings for schweinfurthin B, the RPMI-8226 cells were noted to be the most sensitive to 3dSB with an IC 50 of *150 nM and the A549 cells the least sensitive with an IC 50 of 5 lM at 48 h. The SF-295 and U266 cells displayed intermediate sensitivity to 3dSB alone with IC 50 values of 0.5 and 1 lM, respectively. Interestingly, the addition of lovastatin to 3dSB resulted in enhanced cytotoxicity in all four cells. The nature of this interaction was evaluated by isobologram analysis and determined to be synergistic (Table 1) . Furthermore, when RPMI-8226 or U266 cells were incubated in media containing lipoprotein deficient serum (LPDS), the cytotoxicity of 3dSB, both alone (3dSB IC 50 of 80 nM for RPMI-8226 and 0.3 lM for U266) and in combination with lovastatin, was increased (Fig. 2b) . This suggested a dependence on sterol availability for 3dSB cytotoxicity.
To determine whether the synergistic interaction was unique to lovastatin, or was observed with other IBP inhibitors, additional MTT assays were performed in which cells were treated with 3dSB in the presence or absence of the FDPS inhibitor zoledronic acid (ZA), the GGDPS inhibitor digeranyl bisphosphonate (DGBP), or the squalene synthase inhibitor zaragozic acid (Zara). As shown in Table 1 , none of these agents displayed a synergistic interaction with 3dSB. In particular, for the RPMI-8226 cells, both DGBP and ZA displayed an antagonistic interaction with 3dSB.
3dSB Enhances Lovastatin-Induced Decrease in Protein Prenylation
The pleiotropic effects of statins in malignant cells have generally been attributed to their ability to inhibit protein prenylation. To determine whether 3dSB, either alone or in combination with lovastatin, altered protein prenylation, immunoblot analysis was performed. Antibodies directed against Ras (substrate of FTase), Rap1a (substrate of GGTase I) and Rab6 (substrate of GGTase II) were utilized. For Ras and Rab6, the appearance of a more slowly migrating band represents unmodified protein, while for Rap1a, the antibody detects only unmodified protein. As shown in Fig. 3a , 3dSB alone has no effect on the prenylation status of the three proteins. As expected, lovastatin decreases both farnesylation and geranylgeranylation. Interestingly, 3dSB was noted to potentiate the effects of lovastatin in the RPMI-8226 cells as evidenced by the increase in the ratio of unmodified to modified protein for Ras and Rab6 and the increase in total unmodified protein for Rap1a. This potentiation occurred in a concentrationdependent manner and was observed for all three prenylated proteins. This effect was particularly evident in cells incubated with LPDS; disruption of protein prenylation was not detected in cells treated with 2.5 lM lovastatin alone, but was detected when cells were co-incubated with [50 nM 3dSB. Minimal potentiation was noted when cells were incubated with 3dSB and either zoledronic acid or DGBP (Fig. 3a) . 3dSB was also found to potentiate lovastatin's effects in U266 cells, particularly in cells treated with 2.5 lM lovastatin in either FCS or LPDS conditions (Fig. 3b) . The effect of 10 lM lovastatin on disruption of protein prenylation in cells incubated with standard FCS was near maximal and the addition of 3dSB did not significantly alter the prenylation pattern.
To determine whether the induced changes in protein prenylation could be prevented by exogenous isoprenoid species, studies were performed in which RPMI-8226 or U266 cells incubated in media containing standard FCS were treated with 3dSB and/or lovastatin in the presence or absence of mevalonate or GGPP. As shown in Fig. 3c , addition of mevalonate or GGPP completely prevented the lovastatin-or lovastatin ? 3dSB-induced decrease in Rap1a geranylgeranylation. Mevalonate completely prevented the disruption of Ras prenylation while GGPP only partially restored Ras prenylation, consistent with the ability of normally farnesylated N-and K-Ras isoforms to undergo geranylgeranylation when farnesylation is disrupted [42] .
Effects of 3dSB on Intracellular FPP and GGPP Levels As 3dSB alone did not appear to inhibit protein prenylation, but did potentiate lovastatin's effects, it was hypothesized that 3dSB could be altering isoprenoid availability. Therefore, the effects of 3dSB on intracellular FPP and GGPP levels were determined. Lovastatin, which depletes cells of both FPP and GGPP, was used as a positive control. As shown in Fig. 4a, 3dSB decreased both FPP and GGPP levels in a concentration-dependent manner in all tested cell lines, with the exception of the RPMI-8226 cells. In addition, 3dSB also variably decreased FPP and GGPP levels in primary human acute myeloid leukemia cells which were incubated with the drug in an ex vivo manner (Fig. 5) .
The effects of 3dSB on FPP and GGPP levels were also evaluated in RPMI-8226 and U266 cells incubated with media containing LPDS. As shown in Fig. 4b , little effect was seen in the RPMI-8226 cells, but an enhanced depletion of FPP and GGPP levels was observed in the U266 cell line. As described previously [41] , basal FPP levels are significantly higher in the U266 cell line compared with the RPMI-8226 line. Of note, incubation in LPDS-containing media significantly increased basal FPP (8.3-fold), but not GGPP levels in the U266 cells (Table 2) , while basal levels of FPP and GGPP did not significantly change in RPMI-8226 cells. The LPDS-induced increase in FPP observed in the U266 cells could be overcome by either lovastatin or 3dSB (Fig. 4b) . Incubation of SF-295 and A549 cells in LPDS resulted in an approximately 1.5-fold increase in FPP and GGPP levels compared with cells incubated in standard FCS (Table 2) .
To investigate the effect of combining 3dSB on IBP inhibitor-induced changes in FPP and GGPP levels, studies were performed in which U266 cells were treated with 3dSB and/or lovastatin, ZA, or DGBP. Consistent with our prior studies, treatment with ZA or DGBP only partially 30 and additive for ED 50 depletes FPP or GGPP levels, respectively, in U266 cells incubated in standard FCS [43] . Interestingly, however, the addition of 3dSB to either ZA or DGBP results in a significant decrease in both FPP and GGPP levels. Similar results were observed when cells were incubated in media containing LPDS (Fig. 6) . The lovastatin-induced depletion of FPP and GGPP was near maximal in U266 cells incubated with standard FCS and the addition of 3dSB did not significantly alter FPP or GGPP levels. In contrast, when cells were incubated with LPDS, the addition of 3dSB to lovastatin resulted in a further decrease in GGPP levels.
In aggregate these studies demonstrate the ability of 3dSB to lower intracellular FPP and GGPP levels irrespective of the presence of agents which disrupt the IBP.
Finally, the ability of 3dSB to directly inhibit HMGR was evaluated in an in vitro enzyme assay and inhibitory activity was not observed (Fig. 7) .
The Effects of Exogenous Isoprenoids on 3dSB-Induced Cytotoxicity and FPP and GGPP Levels
Lovastatin-induced cytotoxicity has previously been shown to be prevented by co-incubation with select isoprenoid species [43] . To determine whether 3dSB-induced cytotoxicity could be similarly prevented, MTT experiments were performed in which RPMI-8226 and U266 cells were treated with 3dSB and/or lovastatin in the presence or absence of select isoprenoids (mevalonate, FPP, or GGPP).
As shown in Fig. 8a , mevalonate or GGPP, and to a lesser extent FPP, could prevent lovastatin-induced cytotoxicity. However, none of the isoprenoid species prevented 3dSB-induced cytotoxicity. The enhanced cytotoxicity observed with the combination of 3dSB and lovastatin was only partially reversed by co-incubation with the isoprenoids. Co-incubation with either mevalonate or GGPP induced a level of cytotoxicity equivalent to 3dSB alone in the drugcombination treatment. To determine whether the add-back of isoprenoid species was effective in repleting FPP and GGPP levels in 3dSB and/or lovastatin-treated cells, levels of FPP and GGPP were measured in U266 cells. As shown in Fig. 8b , mevalonate most efficiently restored both FPP and GGPP levels in drug-treated cells. Incubation with exogenous FPP only partially restored FPP levels in drugtreated cells and had no effect on GGPP levels. Incubation with GGPP completely restored GGPP levels in either 3dSB-or lovastatin-treated cells and partially restored levels in 3dSB ? lovastatin-treated cells. Thus, although incubation with exogenous isoprenoids (mevalonate/ GGPP [ FPP) restores isoprenoid levels in 3dSB-treated cells, this agent's cytotoxic effects are not significantly altered. In aggregate these data suggest that the mechanism underlying 3dSB's cytotoxic effects extends beyond this agent's ability to alter FPP and GGPP levels.
3dSB Disrupts Regulation of Isoprenoid Homeostasis
While lovastatin disrupts sterol homeostasis by targeting HMGR and inhibiting isoprenoid biosynthesis, it appeared that 3dSB might be more indirectly disrupting the IBP. To Fig. 4 Effects of 3dSB on intracellular FPP and GGPP levels. Cells were incubated in the presence of 3dSB or lovastatin (Lov) for 24 h in media containing either standard FCS (a) or LPDS (b). Intracellular FPP and GGPP levels were determined as described in the ''Materials and methods'' and are expressed as a percent of control (mean ± SD of three independent experiments). * Denotes p \ 0.05 per unpaired twotailed t test and compares the treated cells to the control untreated cells address this hypothesis, real-time PCR was used to assess the effects of 3dSB, either alone or in combination with lovastatin, on the expression of key components of the IBP (HMGR, FDPS, SS, GGDPS) and regulators of sterol homeostasis (SREBP-2, Insig-1, LXRa, ABCA1). Treatment with lovastatin resulted in an increase in expression (1.5-to 4-fold) of the SRE-containing genes HMGR, FDPS, SS, SREBP-2, and Insig-1 in the RPMI-8226 and U266 cells under standard serum conditions while decreasing ABCA1 expression (Fig. 9) . With the exception of HMGR (increase) and ABCA1 (decrease), 3dSB had little effect on any of the tested genes in the RPMI-8226 cell line, while in the U266 cells, statistically significant increases in HMGR, SS, SREBP-2, and Insig-1 levels were observed. Interestingly, 3dSB abrogated lovastatin-induced upregulation of HMGR, FDPS, SS, and Insig-1 in the RPMI-8226 cell line while potentiating the upregulation of GGDPS. In contrast, in the U266 cell line, 3dSB minimally altered lovastatin-induced upregulation of HMGR, FDPS, SS, or SREBP-2 but enhanced the upregulation of GGDPS, LXR, and ABCA1 compared with either drug alone. These studies were also performed with cells that had been incubated with LPDS (Fig. 9) . Overall, there was little difference in effect on gene expression between the FCS-and LPDS-treated RPMI-8226 cells: lovastatin induced an increase in HMGR, FDPS, SS, SREBP-2, and Insig-1, had little effect on LXRa, and decreased ABCA1 expression. 3dSB induced minimal effects on HMGR and Insig1levels. Likewise, as seen in the FCS-treated cells, the combination of lovastatin and 3dSB resulted in suppression of the lovastatin-induced increase in the SRE-dependent genes and an increase in GGDPS expression. While the effects of the drugs on the expression profile were concordant between FCS and LPDS conditions in the RPMI-8226 cells, there were profound differences noted between FCS and LPDS conditions in the U266 cell line. Notably, lovastatin failed to induce an increase in any of the tested SRE-containing genes. In addition, with the exception of SREBP-2, 3dSB markedly decreased the expression of the SRE-containing genes. Most striking was the greater than 60-fold increase in ABCA1 expression induced by 3dSB in the LPDS-treated U266 cells; an effect which was further enhanced by co-incubation with lovastatin.
Discussion
The basis for the schweinfurthins' potent cellular activities has thus far not been determined. In the studies presented Fig. 5 Effect of 3dSB on FPP and GGPP levels in primary acute leukemia cells. Mononuclear cells were isolated from the peripheral blood of patients with newly diagnosed acute leukemia and incubated ex vivo with 3dSB or lovastatin for 24 h. All patients had greater than 40,000 K/mm 3 circulating blasts. Formal pathological review of the patient bone marrow samples revealed acute myelomonocytic leukemia for patient 1, acute myeloid leukemia with t(11;17) translocation for patient 2, and acute myeloid leukemia with aberrant CD7 expression for patient 3 herein we demonstrate that the synthetic schweinfurthin 3dSB has a very complex relationship with the IBP. In particular, 3dSB: (1) exerts a synergistic cytotoxic effect with the HMGR inhibitor lovastatin but additive or antagonistic effects with other IBP inhibitors, (2) enhances lovastatin-induced disruption of prenylation, (3) induces changes in intracellular FPP and GGPP levels, and (4) disrupts both SRE-and LXR-mediated regulation of genes involved in the IBP and sterol homeostasis. That these effects are enhanced under conditions of limited sterol availability, provides further evidence for the link between 3dSB and isoprenoid homeostasis. The synergistic interaction between 3dSB and lovastatin is a consequence of lovastatin's ability to deplete cells of one or more down-stream isoprenoids such as FPP, GGPP, or sterols. Notably, an antagonistic interaction was observed between 3dSB and agents that increase FPP levels but have disparate effects on GGPP and sterol synthesis (the GGDPS inhibitor DGBP and the squalene synthase inhibitor Zara), suggesting that the lovastatin/3dSB interaction is dependent on depletion of both nonsterols and sterols down-stream of FPP. Furthermore, 3dSB-induced cytotoxicity is enhanced under conditions of sterol depletion, providing further evidence for a connection between 3dSB activity and isoprenoid levels. In fact, 3dSB was found to decrease cellular FPP/GGPP levels in a variety of cultured and primary cells (Figs. 4, 5, 6 ). It is interesting to note that although 3dSB decreased FPP and GGPP to levels equivalent to lovastatin in the U266 cell line (Fig. 4) , 3dSB alone did not decrease protein prenylation (Fig. 3) . In addition, while 3dSB did not significantly alter FPP and GGPP levels in the RPMI-8226 cells, this agent did enhance lovastatin-induced decrease of protein prenylation Fig. 6 Effects of 3dSB on IBP inhibitor-induced changes in FPP and GGPP levels in U266 cells. Cells were incubated in the presence or absence of 1 lM 3dSB and/or 10 lM lovastatin, 50 lM ZA, or 10 lM DGBP for 24 h in media containing either standard FCS or LPDS. Intracellular FPP and GGPP levels were determined as described in the section ''Materials and Methods'' and are expressed as a percentage of the control (mean ± SD of three independent experiments). The * denotes p \ 0.05 per unpaired two-tailed t test and compares the IBP inhibitor ? 3dSB combination to the IBP inhibitor alone Fig. 7 3dSB does not inhibit HMGR in an in vitro enzyme assay. The enzyme assay was performed as described in the ''Materials and methods'' section. Blank represents reaction mixture lacking HMGR while Control represents the complete reaction mixture. Pravastatin was used as a positive control (Fig. 3) . These results, in conjunction with the finding that 3dSB-mediated enhancement of lovastatin-induced decrease of protein prenylation is further augmented in the presence of LPDS, suggests that these effects are not only due to changes in steady state levels of isoprenoids, but may also reflect alterations in flux through the pathway. The FPP/GGPP assay that was employed measures steady state total cellular FPP/GGPP levels. It remains to be determined whether shunting of isoprenoids to various branches of the IBP is altered in the presence of 3dSB. In addition, it is unknown whether there are discrete pools of these isoprenoid intermediates within the cell, and if so, whether 3dSB alters specific pools, thereby affecting substrate availability for disparate processes.
Further understanding of the mechanism(s) for 3dSB activity may be gained from the marked increase in FPP levels in U266 cells, but not in RPMI-8226 cells in response to incubation with LPDS. We have previously demonstrated that the U266 cell line is less sensitive than the RPMI-8226 cells to lovastatin and is resistant to downstream IBP inhibitors such as ZA and DGBP, likely a consequence of the markedly elevated basal FPP levels [43] . It has been noted that statin sensitivity in myeloma cell lines may be a consequence of altered HMGR regulation [44] . However, our work, which demonstrates a loss of lovastatin-induced upregulation of SRE-regulated genes in U266 cells incubated in LPDS-containing media suggests that statin-sensitivity is dependent on factors that extend beyond the level of HMGR regulation. In a similar manner, 3dSB-sensitivity may be a consequence of variation in isoprenoid pathway regulation.
In addition to revealing novel activities of 3dSB, these studies also provide insight into the regulation of isoprenoid levels. In our studies, GGDPS expression was minimally induced by either lovastatin or 3dSB alone, but was upregulated to a greater extent when the two agents were used in combination (Fig. 9 ). This effect was particularly evident in the LPDS-treated cells. Analysis of FDPS has demonstrated that it is transcriptionally regulated by both SREBP and LXR [37, [45] [46] [47] . Less is known about the regulation of GGDPS. While one report in a transgenic system suggested that GGDPS is a target of SREBP, another demonstrated that GGDPS mRNA levels did not significantly change in HeLa cells incubated with either an HMGR inhibitor or with LPDS in the presence or absence of sterols [48, 49] . The product of this enzyme, GGPP, has been shown to serve as a negative regulator for LXR [21, 50] . Our results suggest that GGPP levels may in part regulate expression of GGDPS. Whether this is due to an effect on LXR activity or is via another mechanism remains to be determined.
The add-back experiments, which demonstrated that exogenous FPP/GGPP can restore isoprenoid levels in 3dSB-treated cells, but does not reverse the cytotoxic effects (Fig. 8) , further suggest that 3dSB's effects extend beyond altering FPP and GGPP levels. In fact, we found that in RPMI-8226 cells, 3dSB abrogates statin-induced upregulation of SREBP-2-dependent genes as well as statin-induced downregulation of ABCA1 in both sterol replete (FCS) and deplete (LPDS) conditions (Fig. 9) . In aggregate these data suggest that 3dSB shifts the cell's sterol regulatory pathways from a sterol-deficient state to a sterol-replete state. This hypothesis is further supported by the findings from the U266-LPDS studies. As noted in Table 2 , U266 cells, in response to incubation with LPDS, markedly increase intracellular FPP levels, presumably in Fig. 9 3dSB induces alteration in expression of genes involved with isoprenoid homeostasis. RPMI-8226 or U266 cells were incubated for 24 h in the presence or absence of lovastatin (Lov, 10 lM) and/or 3dSB (0.1 lM for RPMI-8226 and 0.5 lM for U266) in either standard FCS or LPDS. Real-time PCR was performed using primers for HMG-CoA reductase (HMGR), farnesyl diphosphate synthase (FDPS), squalene synthase (SS), geranylgeranyl diphosphate synthase (GGDPS), SREBP-2, Insig-1, ABCA1 and LXRa. Data were normalized to b-actin levels and are expressed as relative to control untreated cells (mean ± SE, n = 3). Data are representative of two independent experiments. Statistical significance, as described in the ''Materials and methods'' (q value \0.05), is represented by ''a'' (lovastatin compared to control), ''b'' (3dSB compared to control), and ''c'' (3dSB ? lovastatin compared to lovastatin) an effort to compensate for the exogenous depletion of sterols. In this setting, 3dSB alone significantly downregulates SREBP-2-dependent genes while markedly upregulating ABCA1 (a LXRa-dependent gene). This pattern implies sterol excess. Possible mechanisms by which 3dSB could induce these changes include interference by 3dSB of the SRE-SREBP-2 interaction, disruption of SREBP-2 trafficking, direct activation of LXR, RXR or PPAR, or interference with the function of oxysterol binding proteins (OSBPs). A variety of oxysterols have been shown to be ligands for LXR and to induce LXR-target gene expression [51] . For example, the dietary plant sterol, stigmasterol, has been shown to induce ABCA1 expression and to suppress the SREBP pathway by promoting the formation of a Scap-SREBP-Insig-1 complex in the ER, thereby decreasing expression of SREBP target genes [16] . Whether 3dSB shares a similar mechanism of action, changes sterol levels, or alters the sterol-sensing machinery is of considerable interest and studies addressing these hypotheses are underway.
Schweinfurthin A has recently been shown to induce reorganization of the actin cytoskeleton and to inhibit EGFinduced Rho activation in serum-starved astrocytoma cells [52] . It is interesting to note that a variety of interactions have been described between OSBPs and elements of the cytoskeleton. For example, overexpression of ORP4S induced collapse of the vimentin network and inhibited LDL-cholesterol esterification while silencing of ORP3 resulted in reorganization of the actin cytoskeleton [53, 54] . It remains to be determined whether schweinfurthins, either directly or indirectly, interact with OSBPs, thereby impairing sterol sensing/trafficking and disrupting the cytoskeleton.
In conclusion, these studies are the first to demonstrate that the synthetic schweinfurthin 3dSB exerts pleiotropic effects on isoprenoid homeostasis. Specifically, 3dSB has a synergistic interaction with lovastatin, can alter steady state isoprenoid levels, and can disrupt multiple aspects of the regulatory elements controlling the IBP and sterol homeostasis. These studies, which advance understanding the basis for schweinfurthin activities, also indicate that there is a complexity to regulation of the isoprenoid pathway that is as yet unknown but may depend upon isoprenoid flux as compared to absolute isoprenoid levels.
